labeled with anti-RILP (large gold) and anti-tubulin (small gold) antibodies (Figure 1a,b) . In control cells, lysoCorrespondence: Jacques Neefjes somal multivesicular bodies (MVB) are located at some E-mail: jneefjes@nki.nl distance to the MTOC (indicated by arrows in Figure  1a ). In cells transduced with virus encoding RILP, slightly The RILP-induced cluster of lysosomes is gradually somes were visualized by LysoTracker Red [12]. Two hours after injection, the motility of the collapsed lyso-
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of late endosomes and lysosomes around the MTOC and abrogates plus-end directed movement.
RILP arrests Rab7 in the vesicle bound, activated state
Rab7 cycles between a GTP bound active and a GDP bound inactive state and between the membrane and the cytosol. The GDP bound form mainly localizes to the cytoplasm, whereas the GTP bound form associates to membranes [8, 9] . It is, however, unclear where the exact GDP/GTP exchange takes place. To visualize the effect of RILP on the Rab7 cycle in vivo, Mel JuSo cells were stably transfected with both GFP-tagged wild-type Rab7 and active Rab7Q67L. Both wild-type and active Rab7 localized to late endosomal and lysosomal compartments (Figure 2a) . To determine the Rab7 cycle, we performed FRAP (fluorescence recovery after photobleaching) experiments on living GFP-Rab7 and GFP-Rab7Q67L transfectants. A small portion of the fluorescent vesicles was bleached, and the recovery of fluorescence was followed by time-lapse microscopy [13] . To enable detection of bleached vesicles that lost the GFP signal, cells were incubated with LysoTracker Red (data not shown; [12] ). Recovery of fluorescence can only occur when membrane bound Rab7 dissociates from the membrane upon GTPhydrolysis and is replaced by GFP-Rab7 from the cytosol. Therefore, the fluorescence recovery represents the Rab7 cycle. The recovery of fluorescence in the bleach spot was plotted (Figure 2b) , thereby allowing the determination of the recovery time (t 1/2 ; the time in which 50% of the fluorescence in the bleach spot was recovered) and the mobile fraction (the percentage of maximally recovered GFP-Rab7). The t 1/2 of the GFP-Rab7 cycle in vivo was fraction. An accurate t 1/2 could not be determined. Identical results were obtained for vesicles at the edge of the RILP-induced cluster as well as for single vesicles, or when RILP or ⌬N was introduced in cells expressing somes was assayed for 2 min by time-lapse microscopy. Collected images were projected. The first image was GFP-Rab7Q67L (data not shown). Because RILP and ⌬N interact with the GTP bound form of Rab7 (see Supcolor-coded green, and the motility, seen in the projection as trails, was color-coded red ( Figure 1c material). RILP coexpression resulted in an increase of and the kinesin heavy chain (KHC). Endogenous DHC and the dynactin subunits p150 glued (Figure 3a) , p50dy-GTP bound Rab7, which indeed suggests that RILP arrests Rab7 in the active, vesicle bound state. Various other namitin, and arp1 (data not shown) but not kinesin ( Figure  3a) were recruited to the clustered lysosomes in cells GTPases have been described that are maintained in the GTP bound state by their effector proteins [14, 15] . Such overexpressing RILP. In cells expressing ⌬N, the dispersed lysosomes did not label for endogenous p150 glued complexes require additional proteins to inactivate the GTPase-effector interaction in order for the GTPase cycle (Figure 3b ), p50dynamitin (data not shown), or kinesin (see Supplementary material). to proceed [16] . Therefore, it is likely that the protein(s) controlling release of RILP from Rab7 is involved in the regulation of vesicle movement in the opposite direction, To biochemically confirm that the RILP induced dyneinas illustrated by the phenotype of ⌬N.
dynactin complex recruitment onto membranes, RILP or ⌬N was expressed after transient retroviral transduction.
RILP induces the recruitment of functional dyneindynactin complexes to lysosomes
Control cells and cells infected with RILP or ⌬N were homogenized, and membranes were separated from the The observed RILP-induced clustering could be the result of either inhibition of plus-end directed transport by supernatant by high-speed centrifugation. Equal amounts of total protein from the fractions were analyzed by SDSkinesin or activation of minus-end directed transport by the dynein-dynactin complex. To discriminate between PAGE and immunoblotted ( Figure 3c ). RILP was mainly present in the supernatant fractions but also in the memthese possibilities, cells expressing RILP were stained for two endogenous subunits of the dynein-dynactin complex brane fraction, whereas ⌬N was predominantly present in the membrane fraction. This is consistent with the motor recruitment preceded lysosomal clustering around the MTOC. To determine whether the recruited dyneindistributions observed by CLSM (see Supplementary material). RILP did not affect membrane recruitment of dynactin complexes mediated RILP-induced clustering of late endosomes and lysosomes, dynein function was Rab7 and tubulin, but the dynein-dynactin subunits p50dynamitin (Figure 3c ), p150 glued , and the dynein interdisrupted by overexpression of p50dynamitin [17, 18] . This resulted in the relocation of lysosomes containing mediate chain (DIC) (data not shown) were highly enriched in the membrane fraction of RILP-expressing cells.
RILP, p50dynamitin, and class II from the perinuclear area to a peripheral location (Figure 4b ). Thus, RILP ⌬N did not affect the distribution of any of the proteins tested. These results indicate that the N-terminal half is induces the recruitment of functional dynein-dynactin complexes to late endosomal/lysosomal compartments rerequired for dynein-dynactin motor recruitment, whereas the C-terminal half of RILP binds to activated Rab7 on sulting in minus-end directed transport and accumulation of these compartments around the MTOC. late endosomes and lysosomes.
To dissect lysosomal clustering from dynein-dynactin mo-RILP might act as a receptor for the dynein-dynactin complex. To test this, we have attempted to show a direct tor recruitment, RILP was expressed in cells treated with the microtubule-disrupting agent nocodazole (Figure 4a) . interaction between RILP and the motor complex by yeast two-hybrid assay, chemical crosslinking, and coimmunoAs a result, the class II-containing lysosomes were dispersed but still recruited the dynactin complex (stained precipitation. However, none of these assays revealed a direct interaction between RILP and the subunits of the by p150 glued ). This suggests that RILP-induced dynein be constructed on the spot. Whether Rab7/RILP recruit other motor proteins besides dynein-dynactin remains to be established. Other Rab family members are linked to motor proteins as well. Rab6 directly interacts with a kinesin family member [21] , whereas Rab5 has been found to couple to a yet-unidentified minus-end directed motor activity [22] . Rab27 has been shown to regulate transport of melanosomes and cytolytic granules by recruitment of the actin-based motor myosin Va [23] . Thus, in addition to controlling vesicle fusion, Rab proteins appear to regulate motor protein recruitment. The control of these two processes may ensure efficient direction of vesicle fusion.
Supplementary material
Supplementary material including Materials and methods and figures is available at http://images.cellpress.com/supmat/supmatinfo.htm. ml nocodazole for 20 min before injection with cDNA encoding RILP and were subsequently cultured in the presence of nocodazole for 1 hr. Cells were fixed and stained for p150 glued . The cell injected with
